Summary ODYSSEY Outcomes will determine whether the addition of the PCSK9 antibody alirocumab to intensive statin therapy reduces cardiovascular morbidity and mortality after ACS. (Am Heart J 2014;168:682-689.e1.)
Despite modern therapy including prompt coronary revascularization, dual antiplatelet therapy, and intensive statin treatment, cardiovascular events occur with high frequency following an acute coronary syndrome (ACS). [1] [2] [3] [4] Registry data indicate cardiovascular mortality as high as 13% at 5 years, with more than 4 out of 5 deaths occurring after initial discharge from hospital. 5 Although intensive statin therapy can reduce levels of low-density lipoprotein cholesterol (LDL-C) by N50%, the relationship between serum cholesterol and cardiovascular risk does not have a clearly identified threshold. 6 In fact, among statintreated patients, the risk of recurrent cardiovascular events after ACS or in chronic coronary heart disease remains related to LDL-C levels. 1, 7, 8 In addition, substantial numbers of patients either do not tolerate statins or have LDL-C levels that remain elevated despite statin treatment. 9, 10 These observations raise the question of whether an intervention added to intensive statin therapy to further reduce LDL-C and other atherogenic lipoproteins would further reduce cardiovascular risk among these at-risk patients.
Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a regulator of LDL receptor expression on hepatocytes and as such plays an important role in determining circulating concentrations of LDL-C. 11 Observations drawn from subjects with genetic polymorphisms of PCSK9 support its role in modulating susceptibility to atherosclerosis: Persons with loss-of-function mutations in this protein have both lower lifetime levels of LDL-C and lower incidence of coronary heart disease, whereas gain-of-function mutations are a cause of familial hypercholesterolemia and premature incidence of coronary heart disease. 12, 13 Statins upregulate expression of PCSK9, 14 an effect that may limit the efficacy of statins to lower LDL-C.
Alirocumab is a fully human monoclonal antibody to PCSK9. As monotherapy, alirocumab can reduce LDL-C as much as intensive statin treatment 15 ; and in conjunction with statin, alirocumab greatly enhances LDL-C lowering. 16, 17 For example, among patients with baseline LDL-C ≥ 100 mg/dL on atorvastatin 10 mg daily, an increase in atorvastatin to 80 mg daily resulted in a further 17% decrease in LDL-C, whereas an increase in atorvastatin to 80 mg daily along with alirocumab 150 mg every 2 weeks resulted in a further 73% decrease. 18 To date, treatment with alirocumab has been generally well tolerated, with occasional, mild local injection site reactions.
The ODYSSEY Outcomes trial tests the hypothesis that alirocumab, compared with placebo, reduces cardiovascular morbidity and mortality in patients with recent ACS and levels of atherogenic lipoproteins that remain above specified concentrations despite intensive atorvastatin or rosuvastatin therapy or the maximally tolerated dose of either of these statins.
Methods

Study objective
ODYSSEY Outcomes (www.clinicaltrials.gov NCT01663402) is an international, multicenter, randomized, double-blind, placebo-controlled study in approximately 18,000 patients with a recent ACS, conducted at N1,000 sites worldwide, and approved in each participating center by the responsible Institutional Review Board or Ethics Committee. The protocol was developed by an independent academic Executive Committee (online Appendix) in conjunction with the sponsors. The authors are solely responsible for the design and conduct of the study, all study analyses, the drafting and editing of this paper, and its final contents. Funding for the study is provided by Sanofi-Aventis SA and by Regeneron Pharmaceuticals. The primary objective is to evaluate whether alirocumab (75 or 150 mg by subcutaneous injection every 2 weeks), initiated 1 to 12 months after an index ACS event, reduces the incidence of the composite outcome of coronary heart disease death, major nonfatal coronary events (myocardial infarction or hospitalization for unstable angina), or ischemic stroke.
Study population
Principal inclusion and exclusion criteria are shown in Table I . The trial will enroll male and female patients ≥40 years of age who are hospitalized for an ACS. Criteria for a Table I . Inclusion and principal exclusion criteria Inclusion criteria:
• Hospitalization for ACS, defined by symptoms of myocardial ischemia with an unstable pattern, occurring at rest or with minimal exertion, within 72 h of an unscheduled hospital admission due to presumed or proven obstructive coronary disease and at least one of the following: ○ Elevated cardiac biomarkers ○ Resting ECG changes consistent with ischemia or infarction, plus additional evidence of obstructive coronary disease from regional wall motion or perfusion abnormality, ≥70% epicardial coronary stenosis by angiography, or need for coronary revascularization procedure.
• Lipid levels inadequately controlled by atorvastatin 40-80 mg or rosuvastatin 20-40 mg daily or maximum tolerated dose of one of these agents, defined by at least one of the following:
○ LDL-C ≥ 70 mg/dL ○ Non-HDL-C ≥ 100 mg/dL ○ Apolipoprotein B ≥ 80 mg/dL Principal exclusion criteria:
• qualifying ACS event include symptoms of myocardial ischemia occurring at rest or minimal exertion within 72 hours of an unscheduled hospital admission due to presumed or proven obstructive coronary disease. In addition, at least one of the following criteria must be fulfilled: elevated cardiac biomarkers consistent with acute myocardial infarction, or new or presumed new resting electrocardiographic (ECG) changes consistent with ischemia or infarction plus evidence of obstructive coronary disease from imaging studies and/or need for coronary revascularization related to the event.
Qualifying patients must demonstrate inadequate control of atherogenic lipoproteins despite treatment with atorvastatin 40 or 80 mg, rosuvastatin 20 or 40 mg daily, or the maximum tolerated or advisable dose of one of these statins. Inadequate control of atherogenic lipoproteins is defined by at least one of the following: LDL-C ≥ 70 mg/dL (1.81 mmol/L), non-high-density lipoprotein cholesterol (non-HDL-C) ≥ 100 mg/dL (2.59 mmol/L), or apolipoprotein B ≥ 80 mg/dL (0.8 mmol/L). Figure 1 illustrates the key phases of the trial. Patients providing informed consent enter a run-in period of duration 2 to 16 weeks. During this period, patients are instructed in the technique of self-injection using a 1-mL prefilled pen. The run-in period also allows metabolic steady state after ACS and pharmacologic steady state on lipid-modifying drug treatment to be achieved prior to randomization. Atorvastatin 40 or 80 mg or rosuvastatin 20 or 40 mg daily is initiated and/or adjusted as necessary to determine the maximum tolerated dose. A lower dose of one these statins (or even no statin) is allowed in cases of documented statin intolerance or when prescribing guidance advises a lower dose (eg, advanced age, low body mass, or potential drug-drug interactions). Other nonexcluded lipid-modifying therapies may also be initiated during the run-in period at the investigator's discretion. After at least 2 weeks of stable lipidmodifying therapy, a fasting blood sample is obtained to determine if at least one of the qualifying lipoprotein criteria is met.
Study procedures
Patients who meet all inclusion and no exclusion criteria at the end of the run-in period are randomly assigned to initial treatment with alirocumab 75 mg subcutaneously every 2 weeks or matching placebo. Follow-up visits occur 1, 2, 4, 8, 12, 16, 20, and 24 months after randomization and then at 6-month intervals until the common study end date. At randomization and at multiple time points after randomization, patients are assessed for study end points and adverse events. Blood and urine samples are collected for measurements including lipoproteins and apolipoproteins, hematology studies, liver, muscle, and kidney function tests, hemoglobin A1c, high-sensitivity C-reactive protein, anti-alirocumab antibodies, and pregnancy testing in women of child-bearing potential. Low-density lipoprotein cholesterol is calculated using the Friedewald formula, except that calculated values b15 mg/dL or LDL-C in hypertriglyceridemic specimens (triglycerides N 400 mg/dL or 4.52 mmol/L) are confirmed by direct measurement. 19 Samples are also collected for measurement of PCSK9 levels, lipoprotein subfractions, and mediators of inflammation and cardiovascular risk. Because optimal, evidence-based lipid-modifying therapy has been initiated during the run-in period, lipoprotein levels remain blinded to patients and investigators during the randomized treatment period; and treating physicians are instructed to refrain from usual clinical lipoprotein testing.
The ODYSSEY Outcomes trial seeks to determine whether clinical outcomes are improved by lowering levels of LDL-C and other atherogenic lipoproteins below those achieved on optimal statin therapy alone. The trial is not designed to explore the safety of sustained, very low LDL-C levels. Accordingly, blinded dose adjustment and monitoring procedures are incorporated in the protocol, as indicated in Figure 2 . Among patients assigned to treatment with alirocumab, if LDL-C measured 1 month after randomization (ie, after 2 doses of alirocumab 75 mg every 2 weeks) remains ≥50 mg/dL, the dose of alirocumab is increased in a blinded fashion to 150 mg every 2 weeks (also 1-mL injection volume). If LDL-C measured 1 month after randomization is b50 mg/dL, the dose of alirocumab is maintained at 75 mg. If LDL-C is b25 mg/dL on any 2 consecutive measurements on alirocumab 150 mg, the dose is reduced to 75 mg. If LDL-C is b25 mg/dL but ≥15 mg/dL on 2 consecutive measurements on alirocumab 75 mg, that dose is continued; but the patient is monitored for potentially related adverse events by an independent safety physician who reports individual and aggregate findings to the Data Safety Monitoring Board (DSMB) and recommends blinded discontinuation of treatment if data suggest that an adverse event is causally related to treatment. If LDL-C is b15 mg/dL on 2 consecutive measurements during Up-titration of alirocumab for LDL-C ≥ 50 mg/dL Down-titration of alirocumab and/or safety monitoring for LDL-C < 25 mg/dL treatment with alirocumab 75 mg, active treatment is discontinued at the next study visit; and placebo injections are substituted in a blinded manner for the remainder of the study. In composite, these blinded dose adjustments are intended to maximize the number of patients in the alirocumab group with LDL-C b 50 mg/dL while minimizing the number of patients with sustained levels of LDL-C b 15 mg/dL.
Study outcomes
The primary efficacy measure is the time to first occurrence of coronary heart disease death, major nonfatal coronary event (myocardial infarction or hospitalization for unstable angina), or ischemic stroke. Criteria and definitions for each type of ischemic event are provided in Table  II . Together, coronary heart disease death and fatal stroke are expected to encompass a large majority of cardiovascular deaths that are likely to be modified by lipid-lowering therapy. Secondary end points include ischemia-driven coronary revascularization procedures, hospitalization for congestive heart failure, and all-cause mortality. Prespecified secondary efficacy measures are listed in Table III . Laboratory end points include change from baseline in calculated LDL-C, apolipoprotein B, non-HDL-C, hemoglobin A1c, and high-sensitivity C-reactive protein. Healthrelated qualify of life is assessed with the Euroqol 5-dimensions questionnaire. 20 In a subset of patients who provide specific, additional informed consent, a blood sample is obtained for pharmacogenomic analysis to determine associations with hyperlipidemia, cardiovascular disease, and response to alirocumab. Safety of alirocumab treatment is assessed by reporting of adverse events and laboratory tests. Adverse events of special interest include allergic events and injection site reactions.
In addition, other categories of adverse events that might theoretically be related to low LDL-C, including hemolytic anemia and neurocognitive abnormalities, will be systematically ascertained. Anti-alirocumab antibodies are measured at randomization; months 2, 4, and 12; and then annually until the common end of trial date and at the time of any premature discontinuation of study medication.
Statistical considerations
The primary efficacy end point will be analyzed on an intent-to-treat basis. The projected Kaplan-Meier incidence of a primary end point event in the placebo group is 3.8% at 12 months, 6.4% at 24 months, 9.0% at 36 months, and 11.4% at 48 months. 1, 21 Other assumptions include 1% of patients lost to follow-up through 24 months, a median LDL-C at baseline of 90 mg/dL, 8 and a 50% reduction of LDL-C from baseline with alirocumab treatment, 18 resulting in an expected 15% hazard reduction. Based on the assumptions above and specifying a log-rank test at an overall 1-sided 2.5% significance level (0.01% at second interim analysis and 2.49% at final analysis), the trial will have 90% power with 1,613 primary end point events. To achieve these 1,613 events, 18,000 patients (9,000 per group) will be randomized over an expected 40-month period. If not halted following an interim analysis, the trial is expected to continue until 1,613 primary end point events have occurred and all evaluable patients have been followed for ≥2 years. The primary outcome will be analyzed with the log-rank test procedure stratified by geographical region. For the primary outcome, treatment effects will be examined across subgroups prespecified in the statistical analysis plan and categorized according to gender, age, race, and geographical region. In addition, Table II . Definitions of components of the primary efficacy measure Coronary heart disease death • Any death with a clear relationship to underlying coronary heart disease, including death secondary to acute myocardial infarction, sudden death, heart failure, complication of a coronary revascularization procedure where the cause of death is clearly related to the procedure, unobserved and unexpected death, and other death that cannot definitely be attributed to a nonvascular cause. Acute nonfatal myocardial infarction
• Defined and subclassified in accordance with ACC/AHA/ESC universal definition of myocardial infarction 27 • Silent myocardial infarction is not considered part of the primary end point Ischemic stroke
• An acute episode of focal cerebral, spinal, or retinal dysfunction caused by infarction, defined by at least one of the following: ○ Pathological, imaging, or other objective evidence of acute, focal cerebral, spinal, or retinal ischemic injury in a defined vascular distribution ○ Symptoms of acute cerebral, spinal, or retinal ischemic injury persisting ≥24 h or until death, with other etiologies excluded • Hemorrhagic infarction is considered an ischemic stroke, but stroke caused by intracerebral or subarachnoid hemorrhage is not.
• Strokes not otherwise subclassified are considered part of the primary end point. Hospitalization for unstable angina
• Admission to hospital or emergency department with symptoms of myocardial ischemia with an accelerating tempo in the prior 48 h and/or rest chest discomfort ≥20 min, requiring in addition both of the following: ○ New or presumed new ischemic ECG changes, defined by ST depression N0.5 mm in 2 contiguous leads; T-wave inversion N1 mm in 2 contiguous leads with prominent R-wave or R/S N 1; ST elevation in N2 contiguous leads N0.2 mV in V2 or V3 in men, N0.15 mV in V2 or V3 in women, or N0.1 mV in other leads; or LBBB. ○ Definite contemporary evidence of coronary obstruction by need for coronary revascularization procedure or at least one epicardial stenosis ≥70%. Procedures or stenoses due only to restenosis at prior PCI site are excluded.
ACC/AHA/ESC, American College of Cardiology/American Heart Association/European Society of Cardiology; LBBB, left bundle-branch block; PCI, percutaneous coronary intervention.
the effect of the time from ACS event to randomization will be assessed using a Cox proportional hazards model including the time from ACS event as a covariate, the treatment group, and the interaction. Time-to-event secondary outcomes will be analyzed using the same methodology as for the primary end point. For main secondary outcomes, the overall type 1 error will be controlled by use of a sequential inferential approach. Safety results will be presented by treatment group without formal inferential testing. The percent change from baseline in lipids parameters at month 4, at month 24, and at the common study end date will be analyzed in the intent-totreat population. The independent Data Safety Monitoring Board (DSMB), composed of 3 cardiologists, 1 lipidologist, and 1 statistician, reviews data at regular intervals to assess safety and efficacy. When approximately 50% of events have occurred, the DSMB will conduct an interim analysis for futility (nonbinding boundary corresponding to hazard ratio N 1.008). When approximately 75% of events have occurred, the DSMB will conduct a second interim analysis for futility (nonbinding boundary corresponding to hazard ratio N 0.951) and overwhelming efficacy (hazard ratio b 0.802 corresponding to P b .0001 for the primary end point with consistency across subgroups and regions, positive trends for secondary end points including all-cause mortality, and no excess noncardiovascular mortality).
Study organization
The ODYSSEY Outcomes trial was conceived by the coprincipal investigators and developed in conjunction with the independent academic Executive Committee and the sponsors. The Executive Committee, composed of 10 academic cardiologists, 1 academic statistician, and nonvoting sponsor representatives, is responsible for oversight and guidance of the study. The independent academic statistician will perform or confirm all statistical analyses of the final data. A National Leaders Committee, composed of lead investigators from each participating country, works in tandem with the Executive Committee. Site and data management is coordinated by the Duke Clinical Research Institute, an academic research organization, and Covance, Inc. The Clinical Events Committee composed of cardiologists and neurologists reviews and adjudicates in blinded fashion each component of the primary composite end point, ischemia-driven coronary revascularization, and hospitalization for congestive heart failure.
Discussion
Statins have been approved for clinical use since 1987. Since that time, no lipid-modifying therapy has been shown to improve cardiovascular outcomes on a background of statin treatment. However, most of the treatments • Time to first occurrence of coronary heart disease death, nonfatal acute myocardial infarction, fatal or nonfatal ischemic stroke, or unstable angina requiring hospitalization. Main secondary efficacy measures (in hierarchical order):
• Time from randomization to first occurrence of major coronary heart disease event (coronary heart disease death or nonfatal myocardial infarction), unstable angina requiring hospitalization, or ischemia-driven coronary revascularization procedure (PCI or CABG, excluding procedures performed solely for restenosis at prior PCI site). Ischemia-driven coronary revascularization must be driven by one of the following: ○ Acute ischemia (ACS) ○ New or progressive symptoms (angina or equivalent) or new or progressive functional testing abnormalities (eg, stress testing or imaging) • Time from randomization to first occurrence of a major coronary heart disease event • Time from randomization to first occurrence of any cardiovascular event (any cardiovascular death, any nonfatal coronary heart disease event, or nonfatal ischemic stroke) • Time from randomization to first occurrence of all-cause mortality, nonfatal myocardial infarction, or nonfatal ischemic stroke • Time from randomization to death (all-cause mortality) Other secondary efficacy measures:
• Time from randomization to coronary heart disease death • Time from randomization to first occurrence of nonfatal myocardial infarction • Time from randomization to first occurrence of ischemic stroke • Time from randomization to first occurrence of unstable angina requiring hospitalization • Time from randomization to first occurrence of ischemia-driven coronary revascularization procedure • Time from randomization to first occurrence of congestive heart failure requiring hospitalization Safety measures:
• All adverse events, heart rate and blood pressure, hematology, and biochemistry assessments Other:
• Anti-alirocumab antibodies assessed throughout the study • Percent change from baseline to month 4, month 24, and the common study end date in calculated LDL-C, apolipoprotein B, and non-HDL-C • Percent change from baseline to the common study end date in hemoglobin A1c and high-sensitivity C-reactive protein • Change from baseline to end of treatment in health-related quality of life (Euroqol 5-dimensions score)
• Incidence of clinically significant complications or procedures related to peripheral arterial disease (not planned at time of randomization)
• Incidence of venous thromboembolic events tested to date, including niacin, fenofibrate, ezetimibe, pioglitazone, and dalcetrapib, have modest or negligible effects on LDL-C. 1, [22] [23] [24] [25] Recent guidelines of the American Heart Association and American College of Cardiology for the reduction of blood cholesterol levels 26 recommend intensive statin treatment (defined as atorvastatin 40-80 mg or rosuvastatin 20-40 mg daily) in patients with established coronary heart disease and do not espouse titration of statin to specific LDL-C targets in such patients. These recommendations are based on previous randomized controlled trials that demonstrated that the maximal doses of these statins provide the greatest clinical efficacy in high-risk patients. The guidelines do not dispute the well-established relation between LDL-C and coronary risk. In ODYSSEY Outcomes, stipulated background statin therapy is concordant with new guideline recommendations. On this background, the trial will determine whether further reduction in cardiovascular risk can be achieved by addition of the monoclonal PCSK9 antibody, alirocumab, resulting in further reduction of LDL-C and other atherogenic lipoproteins. Patients with recent ACS were chosen as the study population because they face a higher risk of recurrent events than patients with stable cardiovascular disease and therefore might derive a larger absolute benefit from an effective new treatment. The study population was further defined by threshold levels of LDL-C, non-HDL-C, or apolipoprotein B to target those whose residual cardiovascular risk is most likely to be modified by further reduction of these lipoproteins. Recruitment of patients began in 2012 and is projected to be complete in 2016. With an expected median duration of treatment of approximately 3 years, the trial will also provide substantial information regarding the safety of PCSK9 inhibition.
